The overall objective of testing the Guralp CMG-3TB refurbished seismometers is to determine whether or not the refurbished sensors exhibit better data quality and require less maintenance when deployed than the original Guralp CMG-3TBs. SNL will test these 3 refurbished Guralps to verify performance specifications. The specifications that will be evaluated are sensitivity, bandwidth, self-noise, output impedance, clip-level, dynamic range over application passband, verify mathematical response and calibration response parameters for amplitude and phase.
INTRODUCTION
The overall objective of testing the Guralp CMG-3TB refurbished seismometers is to determine whether or not the refurbished sensors exhibit better data quality and require less maintenance when deployed than the original Guralp CMG-3TBs.
Guralp Systems Limited (GSL) refurbished the 3 sensors under test. GSL performed the following tasks to complete the refurbishment:
a. Repaired/replaced the CMG-3TB sensor locking mechanism so that the CMG-3TB motors will function properly without sticking or grinding (wearing) when locking or unlocking the sensor. b. Repaired/replaced the CMG-3TB centering mechanism so that the CMG-3TB will settle in the borehole within 2 weeks after install. c. Repaired/replaced the sensor mass-locking assembly to determine the end of motor travel. This improvement will eliminate the jamming of motors at their travel ends and ensure that under no circumstances the motors will be stuck at their travel points. d. Repaired/replaced the micro-controller of the sensor to avoid confusion of the CMG-3TB, on occasion, when performing locking/centering functions. e. Ensure the measured self-noise of the CMG-3TB is 6 dB below the Peterson's new low noise model (NLNM) across the passband (0.02 Hz -16 Hz). f. Lubricants. The oil that will be used in the motors shall be thermally, and chemically stable and shall not out gas during storage or operation. g. Magnet material. Current magnets are all neodymium based magnets which are occasionally prone to corrosion. In order to eliminate any corrosion due to anaerobic effects, a different type of magnet material will be used. The magnets used shall have the same magnetic characteristics as that of the neodymium and the sensor performance shall not degrade.
SNL will test these 3 refurbished Guralps to verify performance specifications. The specifications that will be evaluated are sensitivity, bandwidth, self-noise, output impedance, clip-level, dynamic range over application passband, verify mathematical response and calibration response parameters for amplitude and phase. The details concerning the specifications listed above are described in the tests below. Tests conducted by Sandia will not address listed repairs items a, c, d, f or g. 
EXECUTIVE SUMMARY

CMG-3TB S/N T35093
Mass position stability
The seismometer mass must stabilize within two weeks and remain stable in a controlled borehole environment.
The seismometer mass will stabilize within two weeks and remain stable in a controlled borehole environment.
Pass
Sensor clip
The measured sensor clip voltage must be > max. factory positive voltage spec. and < min. factory negative voltage spec.
+/-20 V, differential, 40 Vpeak-to-peak Pass 1. Testing was unable to observe incoherence self-noise of the sensor 6 dB or more below the NLNM. 2. Although the computed dynamic range did exceed the 100 dB specification, this estimate included the use of suspect self-noise data. The actual dynamic range likely exceeds this estimate. 3. There was insufficient coherence between the sensor under test and the reference sensors to validate the response to these specifications. 3. There was insufficient coherence between the sensor under test and the reference sensors to validate the response to these specifications.
CMG-3TB S/N T35466
TEST CONFIGURATION
The evaluation following the test plan is written in accordance with Government Customer (GOVC) Instruction (CENI) 99-103, 9 May 2011.
Purpose
The purpose of this evaluation is to verify performance specification of three refurbished Guralp CMG-3TB seismometers. The performance specifications that will be evaluated are sensitivity, bandwidth, self-noise, output impedance, mass-position stability, clip-level, dynamic range over application passband, verify mathematical response and calibration response parameters for amplitude and phase.
Background
Sandia National Laboratories has provided GOVC with an independent system and component evaluation capability since the 1960s. Sandia has developed the expertise and facilities necessary to perform such system and component testing.
Test Management and Participation
The management of the testing will be under control of SNL with onsite participation by interested parties. 
General Test Schedule
Laboratory testing took place at the SNL FACT site. Evaluation at the SNL FACT site took place over a six month period starting in October 2013.
Test Resources
Seismic Test bed
Laboratory testing for seismometer specification was made in the SNL FACT Site underground seismic vault.
Seismic Test Reference Sensors
Testing for low-frequency (<1Hz) seismic specifications was made with two reference sensors the STS2 seismometer in high-gain configuration serial number 90032 and a STS2 seismometer in low-gain configuration serial number 19037. Testing for high-frequency (>1Hz) seismic specifications was made with a Geotech GS13 seismometer, serial number 882.
Data Acquisition / Storage Device
The Quanterra Q330 Dual HR data logger serial numbers 3095 was used for all data acquisition and short-term storage of data taken for the STS2 reference sensors over the testing period. The high frequency data from the GS13 was collected on a Geotech Smart24 digitizer serial number S1036. The data for the Guralp CMG-3TB seismometers was recorded by a Guralp DM24S6EAM six channel digitizer serial number 1709. The Guralp digitizer has the limitation that it can only command-and-control channels 1-3 for locking and unlocking seismometer masses and mass position centering.
No gain will be applied to reference sensors or Sensor Under Test (SUT) by the Q330 dual HR or DM24S6EAM. Each sensor was powered by an isolated source during laboratory testing. The primary sample rate was set to 200 samples per second (sps); this allowed analysis of the data to 80 Hz, which is 20% below the sample rate Nyquist (100 Hz). Low frequency test data (0.1 Hz and below) was analyzed at a lower sample rate of 1 Hz.
Test Facilities
The testing was performed at the Sandia FACT Site. The FACT site is Sandia's seismic and infrasound test facility located in Albuquerque, New Mexico. SNL has developed verification technologies since the early 1960s. The resulting expertise and technology base, along with Sandia's Facility for Acceptance, Testing, and Calibration (FACT) site, gives Sandia a unique ability to support the testing of components (sensors and digitizers) and complete monitoring systems in various configurations.
Limitations
Pre-Evaluation: The limitations foreseen for the laboratory testing are:
3.6.1.1 Only two seismometers can be tested at one time.
3.6.1.2 The digitizer that will be used to record the test data for the SUT can only command-and-control channels 1-3 of the six available channels of recording capability.
3.6.1.3 Our ability to comment on the low-frequency corner of the seismometer will depend upon the natural occurrence of a seismic event to provide a common input signal above background.
Post-Evaluation: New limitations discovered during laboratory testing are:
3.6.1.4 Site power was lost on a few occasions during the evaluation; this compromised data recording and had implications on data quality for tests of mass position stability and response verification.
3.6.1.5 The method used to install the seismometers for testing is not the recommended method for installing the sensors for a field deployment. A test fixture should be designed to allow the seismometers to be tested in a manner closer to the methodology used in the actual field deployment.
Security Requirements
The test will be conducted at the UNCLASSIFIED level. Raw data collected during the test will be unclassified. All data handling and analysis of the processed data will be in accordance with the appropriate Security Classification Guide(s).
Safety Requirements
A controlled area with secure workspace was provided at the test facility.
TESTING AND EVALUATION
General
SNL Ground-based Monitoring Research & Engineering Department has the capability to evaluate the performance of seismic sensors for explosion monitoring and other geophysical applications within the bandwidth of 120 sec to 100 Hz. The CMG-3TB seismometers application bandwidth of 120 sec to 50 Hz is at or within this range.
Components
The gain, bandwidth, self-noise, output impedance, clip-level, dynamic range over application passband, verify mathematical response and calibration response parameters for amplitude and phase are all specifications that must be tested and evaluated. See and [Merchant, 2011] for a more detailed description of the component tests.
The data from the sensors must be collected by a computer at the CRF. Currently there is no plan to forward data to external sources.
Critical Test Issues
The laboratory test is intended to address the following Critical Test Items:  Mass position stability  Sensitivity  Amplitude and phase response  Bandwidth  Self-noise  Output impedance, clip-level  Dynamic range over application passband Given the known background noise levels at the FACT site and the non-standard installation technique involved with testing a borehole sensor within a vault, it is expected that resolution of the sensor's full bandwidth, self-noise, and dynamic range will be challenging.
Test Objectives
The objective of this evaluation is to provide an independent evaluation and verify the individual sensor specifications (i.e. gain, bandwidth, self-noise, output impedance, clip-level, dynamic range over application passband, verify mathematical response and calibration response parameters for amplitude and phase) prior to field deployment.
Requirements provided by the customer requesting evaluation of Guralp Systems, Limited, CMG-3TB seismometer is flat to acceleration output response. The following table will be completed after evaluation and placed in Evaluation Executive Summary. The derived or measured response must be within 5% in amplitude and 5 degrees in phase over the pass band when compared against the provided factory model.
The derived or measured response is within 5% in amplitude and 5 degrees in phase over the pass band when compared against the provided factory model.
-
Mass position stability
The seismometer mass will stabilize within two weeks and remain stable in a controlled borehole environment. 
Output Impedance Verification
Purpose: The purpose of the seismic sensor output impedance verification test is to verify the seismic sensor's output impedance.
Configuration: The seismic sensor is powered, unlocked and the outputs are connected to a calibrated impedance measuring device, e.g. HP 3458A 8 digit multimeter, and the sensors output impedance measured.
Evaluation: The measured output impedance of the sensor is compared to that stated by manufacture. The result is expressed as percent difference from manufactures given value.
Results: The following tables show the results of the impedance measurements on the three seismometers. 195* E-F / Acceleration E+/-398* *The output impedance for unit T35466 channel E was twice as high, approximately 400 Ohms, than the expected nominal value of 200 Ohms. This difference in impedance is noted and will be considered when evaluating data from this channel. 
Mass Position Stability Verification
Purpose: The purpose of the mass position stability verification test is to verify the amount of time necessary for seismometer masses to stabilize and not require further mass re-centerings.
Configuration: The seismic sensor is installed in temperature stable environment, leveled and then powered. The mass positions for the seismometer are recorded by high resolution digitizer.
Evaluation: Once a day the mass positions are reviewed to determine if they are still within operational tolerance. If mass positions are OOT, then make note in test log and reset mass positions. If mass positions are within tolerance, then make note in test log and continue recording data. If no mass re-centerings are done in seven consecutive days, the test is considered complete. For each day the test is run the mass position drift rate and DC offset will be measured from recorded mass position channels.
Results: Unit T35093: was installed on October 9, 2013, powered and started recording around 18:00. Mass position data was collected on October 24, 2013 at ~16:30. Mass re-centering occurred on 10/10 at 16:00, 10/11 at 15:00, 10/14 at 21:00, 10/17 at 17:00 and 10/22 at 20:00. A total of 61 analysis windows were analyzed for DC offset of mass positions channels. Unit T35466 channel Z, drifted to the OOT specification of 1 Volt. The following day the masses were re-centered and masses stayed within tolerance for the duration of the test.
Unit T34868: was installed and powered on February 6, 2014 at ~20:00. During February FACT site lost power several times due to unknown reasons. This limited the initial review of mass position stability data. Notes indicate that three mass centering's were done on 2/6 at 21:30, 2/7 at 18:30, 2/10 at 19:46 (due to power outage), and 2/14 at 20:00 after running calibrations on seismometer. On March 12, 2013 mass position data was collected and reviewed for the time period February 27 to March 12, 2014. Due to the sensor running for an extended period of time to allow for thermal stabilization and minimal activity at the site during this time period the DC-offset of the masses never reach an OOT limit.
Sensitivity and Passband Verification
Purpose: The purpose of the seismic sensor response verification test is to verify the seismic sensor sensitivity and response using seismic background signals and a reference seismic sensor.
Configuration: A characterized reference sensor and one or more of the sensors under test, are installed side-by-side in a seismic vault or in an adjacent borehole. The seismic sensor outputs are connected to a data acquisition system that samples the data synchronously. Data are acquired during moderate to high seismic backgrounds and events.
Evaluation: Convert the data from each seismic sensor to ground motion using the sensor response mathematical model for each sensor. If the sensor response models are correct, the amplitude response measurements in earth-motion units will be identical.
Results: Passband verification was done for units T35093 and T35466 for the low and high frequency corner using data from the Magnitude 7.9 earthquake on 11/17/2013. Passband verification was done for T34868 for the low and high frequency corner using data from the Magnitude 6.7 earthquake on 3/16/2014. The STS2 serial number 19037 was used as the reference seismometer for the analysis. The -3dB roll-off frequency was estimated for each sensor and each of the three primary channels. Tables 4.4.3.1, 4.4.3.2, and 4.4.3.3 list the -3 dB points for sensors T35093, T35466, and T34868 respectively. Note that for the evaluation of T34868, the Magnitude 6.7 earthquake did not have sufficient energy in the low or high frequencies to allow for the corner frequencies to be resolved. However, the passband was still able to be resolved out to at least the passband of interest, 0.02 -16 Hz.
High frequency passband verification was attempted during the evaluation, but definitive results could not be achieved for the horizontal channels (N and E). This is due to limitations in the high frequency coherence of the recorded seismic signal.
Although the high frequency passband could not be quantitatively verified for the horizontal channels due to the lack of coherence, qualitatively all of the horizontal channels remained flat (~ 0 dB) relative to the STS-2 reference up to 30-50 Hz before the coherence began to break down excessively. Given these observations, a high frequency corner above 50 Hz on the horizontal channels is not unreasonable. In all cases, the measured passband exceeded the 0.02 -16 Hz passband requirement.
In addition, the passband was also verified using the calibrator as described in section 4.4.8.
Self-Noise Verification
Purpose: The purpose of the seismic sensor self-noise test is to determine the sensor self-noise in the presence of low seismic background signals.
Configuration: Two or more sensors are installed side-by-side in a seismic vault or stacked vertically in a borehole. The sensor outputs are connected to a data acquisition system that samples the data synchronously. Data are acquired during low seismic backgrounds.
Evaluation: Coherence analysis noise-power computation provides the noise-floor of the sensor pair for low seismic background stimulus. If three or more sensors are available, the use of Three-Channel Coherence Analysis techniques can derive individual sensor responses and selfnoise.
Results: Seismometer self-noise estimation was limited to using the 2-channel coherence technique because our recording system limited us to acquiring data from 2 seismometers at a time. Using the 2-channel coherence technique, the measurement of incoherent noise was assumed to be equally distributed between pair of sensors.
Due to the amount of background present during testing and the non-standard method of installation, the incoherent self-noise of the CMG-3TB was not able to be determined. The observed incoherent noise contains remnants of the observed background and should not be considered representative of the self-noise of the CMG-3TB. Table 4 .4.4.1 summarizes the approximate frequency band over which the incoherent noise between the seismometer pairs T35093 / T35466 and T35093 / T34868 were observed to be at least 6 dB below the low noise model. The observed self-noise in this deployment environment does not meet the AFTAC requirement of being 6 dB below the low noise model over the 0.02 -16 Hz passband. 
Sensor Response Verification
Configuration: A characterized reference sensor and one or more of the sensors under test, are installed side-by-side in a seismic vault or in an adjacent borehole. The seismic sensor outputs are connected to a data acquisition system that samples the data synchronously. Data are acquired during moderate seismic backgrounds and events.
Results: We have been able to successfully confirm sensitivities and responses of the three CMG-3TB seismometers by comparing the recorded output of the sensors, corrected for the manufacturer's provided responses, to the recorded output of the reference STS-2, also corrected for its response, as described in section 4.4.3 Sensitivity and Passband Verification. However, we were unable to verify the flatness of the response to within 5% due to an overall lack of coherence across the passband. A 5% deviation in sensitivity is equivalent to less than 0.45 dB of deviation from nominal in the response across frequency.
The best result we were able to obtain was in the vertical channels of the T35093 and T35466 during the Magnitude 7.9 earthquake on 11/17/2013. As can be seen in the relative response plots, there is insufficient coherence within the passband to comment on the degree of response flatness with sufficient confidence for a 5% and 5 degree requirement.
However, using the calibration response data as described in section 4.4.8, it was still possible to make estimates of the magnitude and phase flatness.
Sensor Clip Verification
Purpose: The purpose of the seismic sensor clip test is to determine and verify the maximum signal or clip level of the sensor (in voltage or relevant seismic units, i.e. displacement, velocity or acceleration).
Configuration: The seismic sensor is installed in its typical deployment configuration. Using an active seismic source (e.g., hammer-drop on plate, shake-table or vibration source) excite large amplitude seismic signals within passband of interest. Visually inspect recorded time series for large amplitude signals and document characteristics of signals near, at or above stated clip level of sensor.
Evaluation: The seismic sensor clip voltage, or relevant earth-motion unit is measured.
Results: Data was collected in which hard clip was observed on each of the three channels of the units under test. The digitizer used to record the seismometer clip test data has an over-ranged full-scale of ~±26.5 Volts, if the recorded clip level is less than 26 Volts or greater than -26 Volts; then the clip can be associated with the seismometer. 
Dynamic Range
Purpose: The purpose of the seismic sensor dynamic range test is to quantify the seismic sensor's ability to resolve seismic signals.
Configuration: The seismic sensors test results for self-noise and clip-level are used to estimate dynamic range.
Evaluation: The sensor full-scale is determined from the recorded data from the clip level test. Convert the data from each seismic sensor to relevant ground-motion units using the sensor response mathematical model for each sensor. By using results for the sensor's noise test and the determined full-scale the sensor's dynamic range is estimated.
Results: Noise values were obtained from 
Calibration Response
Purpose: The purpose of the seismic calibration response verification test is to verify the seismic sensor calibration transfer response using voltage or current signals from a signal generator. Calibration signals can be flat to velocity or acceleration.
Configuration: Sensor outputs are connected to a data acquisition system that samples the data synchronously. Use sensor appropriate method for initiating electronics step or other calibration signal.
Evaluation: Use analysis method appropriate to input calibration signal type to extract sensor transfer function and gain for sensor under test.
Results: Using the Guralp Scream 4.5 software program, calibrations were run on the three sensors under evaluation. Each sensor had a broadband and two sinusoid (1 Hz and 10 Hz) calibrations performed. The resulting calibration data sets were then analyzed using the same Scream 4.5 software program. The results of the analysis of the broadband, and two sinusoid calibrations are presented below in Table 4 .4.8.1. The measured deviations from the manufacturer's provided calibration sheet for each of the seismometers are presented below in Table 4 .4.8.2. The deviations in sensitivity from the manufacturer's provided sensitivities are all within +/-1.5 %, which is less than the AFTAC seismometer sensitivity requirement of 3 %.
The broadband calibration data was analyzed for low and high frequency -3dB roll-off frequencies that partially define the passband of the sensors. The calibration data was also examined to identify the deviation in amplitude and phase from the nominal response. Table  4 .4.8.3 summarizes the -3dB roll-off frequencies and amplitude and phase deviation for the three sensors under evaluation. The passband for these sensors, defined by broadband calibration data, is 120 second period to 50 Hz, which matches the specification provided by manufacturer. This passband exceeds the AFTAC seismometer passband requirement of 0.02 -16 Hz. The observed magnitude deviations, plus or minus the 90% confidence interval of approximately 1.085 dB for the spectral estimate, fall within the AFTAC seismometer magnitude requirement of 3% (0.25 dB).
Detailed Test Schedule
Testing of the Guralp CMG-3TB seismometers took place at the SNL FACT site.
FACT component testing:
October, 2013
Received delivery of equipment, assembled seismometers, and configured testbed acquisition systems for sensor testing requirements (e.g., sample rate, active channels, gain on/off, etc.). Measured each of the channels output impedance.
Powered up and performed Mass Position Stability tests of T35093 and T35466 while waiting for the sensors to thermally stabilize.
November, 2013
Performed Calibration testing of T35093 and T35466. Began examining the coherence between T35093, T35466 and the reference sensors. Adjusted the installation configuration (mounting fixtures, granite block, insulation, etc.) to improve coherence between the sensors. Performed clip testing of T35093 and T35466.
December, 2013
Performed response verification testing and waiting for earthquake activity.
January, 2014
Continued evaluation of T35093 and T35466 while waiting for additional earthquake activity.
February, 2014
Installed T34868 in place of T35466. Powered up and performed initial mass Position stability testing of T34868 while waiting for the sensor to thermally stabilize. Performed calibration testing of T34868. Performed clip testing of T34868.
March, 2014
Completed mass position stability testing of T34868. Performed response verification testing and waiting for earthquake activity. Testing completed, began writing report.
April, 2014
Writing report.
Test Risk Management
Schedule
Sufficient time for the tests specified has been allocated however any risk in the schedule will be mitigated through the use of extended hours of operation and adding additional days into the test schedule. However, an inability to quickly rectify any problems that arise may result in the postponement of all or part of the testing schedule.
A significant portion of the time taken in the testing was waiting for a sufficiently large earthquake source to occur that would provide measurable ground motion and the low and high corners of the sensor passband.
Equipment
Equipment failures that impact the completion of scheduled tests may occur. All possible repairs and additional equipment requisitions will be performed to remedy any problems that arise.
The only serious issues that occurred during the sensor testing were occasional power-outages that interrupted the testing. The most significant impact of these occurrences was during the testing of mass position stability. However, even with the presence of these outages, we were still able to demonstrate that the sensors stabilized within a timeframe consistent with the manufacturer's predictions.
Test Completion Criteria
Testing was completed at SNL FACT site once all the data and results have been verified to the satisfaction of the customer test director.
TEST ANALYSIS AND REPORTING
General
This section summarizes the steps for mission planning, test execution, and post processing. The test procedures will consist of:
Pre-mission briefings Equipment setup and initial checkouts Test Execution End-of-day / Post-mission debriefing Data Analysis
Prior to any testing the Test Director verified the functionality of all equipment. All components were determined to meet the required specifications by report or measurement. All pre-test evaluations took place at the SNL FACT site.
The test director conducted a mission briefing prior to each test. This briefing explained the day's mission activities with respect to the overall test schedule.
Data Management
All relevant test data from the test sensors and reference sensors was collected by the Test Director and archived at SNL for additional analysis. Data collected during testing is available to those interested parties involved in the testing. SNL has archived the initial test data and representative samples of the long term test data.
Data Analysis Plan
Sandia National Laboratories analyzed all test sensor data and reference sensor data collected during the tests and issued a report to the customer detailing the findings of the test.
Data Evaluation and Reporting
A preliminary report was issued within 15 days of the completion of the tests at the FACT. The final report will be delivered within 30 days of the completion of the long term testing. 
SAFETY
Mitigating Actions
Safety precautions detailed in Appendix A2: Safety will be followed to mitigate against any safety hazards.
In addition, the Test Site Manager will conduct and document a pre-deployment safety meeting detailing the following: 
